The success of xanthan biosynthesis depends on several factors, most importantly the genetic potential of the production microorganism and cultivation media composition. Cultivation media composition affects the yield and quality of the desired product as well as production costs. This is why many studies focus on finding cheap alternative raw materials, especially carbon sources, to replace commercially used glucose and sucrose. In addition to the Xanthomonas campestris ATCC 13951 which is the primary industrial production microorganism, other Xanthomonas strains can produce xanthan as well. Under the same conditions, different strains produce different amounts of the biopolymer of varying quality. The aim of this paper is to compare producibility of phytopathogenic X. campestris strains, isolated from the environment with the reference X. campestris ATCC 13951 strain and to estimate the possibility of xanthan production using alternative glycerol-based media than the synthetic glucose-based media. Submerged cultivation on the medium based on glucose or glycerol (2.0 %w/v) was performed using the reference strain and eight isolated X. campestris strains. In order to assess the success of biosynthesis, xanthan yield and rheological properties were determined. Strains isolated from the environment produced yields between 2.98 g/L and 12.17 g/L on the glucose-based medium and 1.68 g/L and 6.31 g/L on the glycerol-based medium. Additionally, X. campestris ATCC 13951 provided the highest yield when using glucose (13.24 g/L), as well as glycerol-based medium (7.44 g/L). The obtained results indicate that in the applied experimental conditions and using all tested strains, glycerol is viable as a carbon source for the production of xanthan.
INTRODUCTION
In many industrial areas, the use of microbial polysaccharides, among which xanthan has a prominent place, has increased significantly. Xanthan is the biopolymer with the highest economic importance and is the subject of numerous research studies due to its unique rheological properties such as a high degree of pseudoplasticity and high viscosity, even at low concentrations (1, 2) .
Biotechnological, or more precisely microbiological, production has been an integral part of everyday life since the earliest civilizations, but since the early 20th century microorganisms have been exploited in controlled conditions in order to produce a desired product. Industrial production mainly uses reference strains of production microorganisms, which are preserved in culture collections. However, there is a growing interest in isolating new strains with improved properties. Since these production microorganisms are isolated from the environment, they are more resistant to environmental changes than the strains from a culture collection, which gives the option of manipulating the process parameters in order to improve production. There is a possibility that newly isolated strains could synthesize metabolites that have yet to be exploited in typical conditions for biotechnological production. Additionally, it is possible that strains from the environment will synthesize desired products from unusual substrates, which opens up the option of using intermediary and by-products of various industries as substrates for the biotechnological production.
Bacterial strains belonging to the genus Xanthomonas may produce xanthan, however, some species are more efficient, such as Xanthomonas campestris. The strains from the culture collections, mainly X. campestris pv campestris NRRL-B 1459 or ATCC 13951, have been extensively used for industrial xanthan production (3, 4) . Although xanthan produced by these bacteria has commercially significant rheological properties, it lacks marketability compared to the polymers from algae or plants due to high production costs, which is the reason why its process efficiency should be increased. In order to achieve this goal there have been suggested various approaches and techniques, one of which is the isolation and selection from the natural environments and screening of X. campestris strains for enhanced xanthan production (5) . The ability to biosynthesize xanthan and infectivity towards plants (phytopathogenicity) such as cabbage, cauliflower and others are directly correlated (6) , which is why it is significant to test the productivity of strains isolated from the environment.
Xanthan produced using different X. campestris strains shows variations in yield and viscosity, which can be seen in a large number of studies. Additionally, selected production strains display different behavior in altered cultivation conditions. Therefore, the composition of the cultivation medium for xanthan biosynthesis greatly influences the quantity and quality of the produced biopolymer, which is why it is essential to determine the optimal production medium for each strain in order to establish its industrial potential (1, 7) .
The commercial media used for the production of xanthan contain glucose or sucrose as the carbon source, whose cost represents a critical factor in its production process from an economic perspective. If xanthan would be produced on a medium with a low-cost carbon source, production costs would decrease (8) , which is why numerous waste effluents have been suggested as alternative carbon sources (2, 9) . Glycerol, the main by-product of the biodiesel production process, is one such cheap and available substrate used for the biotechnological production of various products, one of which is xanthan (10, 11) .
The aim of this paper is to compare the producibility of phytopathogenic Xanthomonas campestris strains, isolated from the environment with the reference strain X. campestris UDC: 577 ATCC 13951 and to estimate the possibility of xanthan production using a glycerol-based medium, and compare the process efficiency to that involving synthetic media with glucose.
EXPERIMENTAL

Production microorganism
Nine Xanthomonas campestris strains were used as the producing microorganism for xanthan biosynthesis. The reference strain ATCC 13951 and eight strains isolated from the agricultural land of Vojvodina were stored on yeast maltose (YM ® , Difco) agar slants. The strains were isolated from the infected leaves of several different cruciferous plants, such as cabbage (I2, I4, I6, I8), kale (I1, I7) and cauliflower (I3, I5). The isolate was identified as Xanthomonas campestris on the basis of its morphological and physiological characteristics according to Bergey's Manual of Determinative Bacteriology (12) . Cultures were subcultured at four-week intervals to maintain good viability and stability.
Cultivation media
The medium used for the inoculum preparation was YM ® broth, while xanthan production was performed on the media containing glucose or glycerol (Table 1) . Literature data (11) were used for the formulation of the cultivation medium based on glycerol. The pH value of the medium was adjusted to 7.0±0.2 and then sterilized by autoclaving under standard conditions.
Table 1. Media composition for xanthan production
Medium compound
Glucose medium [g/L]
Glycerol medium
Xanthan production
Xanthan production was carried out simultaneously in 300 mL Erlenmeyer flasks with 100 mL of the cultivation medium. Inoculation was performed by adding 10% (v/v) of the inoculum prepared in aerobic conditions at 26 o C in a laboratory shaker (KS 4000i control, IKA ® , Germany) at 150 rpm for 48 h. Biosynthesis was carried out in batch mode under aerobic conditions for 5 days at a temperature of 30 o C and agitation rate of 150 rpm.
Analysis of the cultivation broth
At the end of the process, samples of the cultivation broths were analyzed. Rheological properties of the cultivation broth samples were determined using a controlled-stress rheometer HAAKE RS600 (Thermo-Electron Corporation, Germany) with cone-plate C60/1Ti sensor, at 25±0.1 o C, and shear rates from 0 to 1000 1/s. Rheological parameters were calculated according to the Ostwald de Vaele equation.
The samples of the cultivation broth were centrifuged at 10,000 rpm for 10 min (Hettich Rotina 380 R, Germany). The obtained supernatants were filtered through a 0.45 μm nylon membrane (Agilent Technologies, Germany) and then analyzed by HPLC (Thermo Scientific Dionex UltiMate 3000 series), to determine the residual glucose and glycerol content. The HPLC instrument was equipped with a HPG-3200SD/RS pump, WPS-3000(T)SL autosampler (10 μL injection loop), ZORBAX NH 2 column (250 mm x 4.6 mm, 5 μm) and a RefractoMax520 detector. In order to determine glucose content, 75% (v/v) acetonitrile was used as the eluent at a flow rate of 1.2 mL/min and an elution time of 20 min at a column temperature of 25 o C, while 70 % (v/v) acetonitrile was used as an eluent in order to determine glycerol content with a flow rate of 1.0 mL/min, elution time of 10 min and column temperature of 30 o C.
Product separation
After the biosynthesis, the product separation from the cultivation medium was carried out in order to evaluate xanthan production. In this study, xanthan was recovered from the supernatant, which was obtained after ultracentrifugation (Hettich Rotina 380 R, Germany) of the cultivation broth at 10,000 rpm for 10 min, by precipitation with 96% (v/v) ethanol in the presence of KCl as the electrolyte. Ethanol was gradually added to the supernatant at 15 o C until the alcohol content in the mixture was 60% (v/v), at constant stirring. A saturated solution of KCl was added when half of the necessary ethanol amount was poured into the supernatant in a quantity to obtain a final content of 1% (v/v). The obtained mixture was kept at 4 o C for 24 h in order to dehydrate the precipitated xanthan, and then centrifuged at 3500 rpm for 15 min (Tehtnica LC-321, Slovenia). The precipitated polymer was then dried to constant weight at 60 o C in order to determine raw xanthan yield. Ethanol used for precipitation of xanthan was recycled by distillation.
RESULTS AND DISCUSSION
In accordance with the defined aim of the paper, xanthan biosynthesis was performed using nine different production microorganism strains on a cultivation medium containing glucose or glycerol as the sole carbon source. In order to assess the success of biosynthesis, the rheological properties of the cultivation broths were determined at the end of the process.
The rheological properties were defined by flow curves of the cultivation broths which were a result of xanthan production by different production microorganism strains in the cultivation medium containing glucose ( Figure 1 (7). The rheological parameters, consistency factor and flow behavior index, as well as the coefficient of correlation are presented in Table 2 . High values of the correlation coefficient match the experimental results and the aforementioned functional dependence, meaning the cultivation broths are pseudoplastic systems. The viscosity depends on the amount of xanthan in the cultivation broth, molecular weight and inter-molecular structures which are formed due to functional groups in the molecule. A change in the viscosity of the cultivation broth is a clear indicator of xanthan being produced (7) . Given that the viscosity, which is a direct measurement of the quality of a fluid (8) , and the consistency factor (K) are proportional, the values of the consistency factor K ( Table 2) indicate a different quality and quantity of the synthesized biopolymer. The consistency factor is the highest when the Xanthomonas campestris ATCC 13951 strain is used in the glucose-based medium (0.8760 Pa·s n ) and the glycerol-based medium (0.1977 Pa·s n ). The values of this rheological parameter using other strains range between 0.0289-0.4981 Pa·s n for the glucose-based medium and 0.0539-0.1622 Pa·s n for the gly- cerol-based medium. Based on the obtained results for the strains isolated from the environment on tested media, both glucose-and glycerol-based media, the lowest consistency factor was obtained for the isolate I3 (0.0289 Pa·s n and 0.0539 Pa·s n , respectively), while the highest consistency factor was observed for the isolate I2 (0.4981 Pa·s n and 0.1622 Pa·s n , respectively). The values of the flow behavior index (n) that range from 0.4070 and 0.6884 for the glucose-based medium and from 0.4338 to 0.5246 for the glycerol-based medium, are lower than 1, also confirm the pseudoplastic characteristics of the cultivation media. The rheological parameters, consistency factor and flow behavior index, obtained in this research have values similar to, but slightly lower than, the values reported in the literature (13) .
According to the experimental plan, the cultivation broths were precipitated in order to determine the product yield. The obtained results show that the xanthan production by X campestris was influenced by the strain as well as by the composition of the cultivation medium (Table 3) , which is in accordance with the literature data (14, 15) . When using the glucose-based medium, in applied experimental conditions, the values of xanthan yield varied between 2.98 g/L and 13.24 g/L. The highest values were obtained using ATCC 13951 strain, while the strain I5 produced the lowest yield. In addition to the high values obtained with the ATCC 13951 strain, two strains isolated from the environment, I1 and I2, also produced high values of xanthan, which are 10.71 g/L and 12.17 g/L, respectively. The obtained values are slightly lower than the values (14.74 g/L) listed in the literature (3) . Additionally, there are yield differences when glycerol-based medium was used. The yields range between 7.24 g/L for ATCC 13951 and 1.68 g/L for the isolate I5. The highest yield values are slightly higher than the values listed in the literature (11) . From an economical point of view, when glycerol is used as a sole carbon source the obtained yield values are low, but the mere possibility of using this alternative carbon source in the biotechnological production of xanthan is very significant. Table 3 . Xanthan yield, sugar conversion and conversion into product obtained using X.
campestris strains on the glucose-and glycerol-based media *sugar conversion [%] = (S 0 -S)/S 0 ·100 **conversion [%] = P/S 0 ·100 S 0 -sugar content in the inoculated medium S -sugar content after 120 h of cultivation In addition to xanthan yield, values of the sugar conversion and conversion to product are highest when X. campestris ATCC 13951 is used as the production microorganism on both the glucose-and glycerol-containing medium. These results are in accordance with the literature, which lists this strain as the most widely used in xanthan production research (4, 16) . These results can be explained by the fact that the composition of the cultivation medium and the environmental conditions used were most beneficial for the production microorganism. In order to increase product yield and quality by using strains isolated from the environment and select the best production microorganism, future research is necessary.
Further research will especially focus on the optimization of the xanthan production process on glycerol-based cultivation media, as well as media based on other industrial effluents, in order to simulate a model plant for xanthan production which is a necessary step to transfer the technology from the laboratory to the industrial level. If a plant were designed to produce xanthan using one of the screened production microorganisms and the same process parameters as in this paper, glycerol-based cultivation medium would not be adequate. However, if this media would be one of the substrates, it would have to be previously optimized and enriched regarding basic media components and raw glycerol could be used instead of technical glycerol. Another approach is to focus on the production microorganism through the process of screening and/or genetic modification.
CONCLUSIONS
The results obtained in this research indicate that all used X.campestris strains isolated from the environment can be used for xanthan production, and the obtained yields point out to clear differences between the tested strains. The use of X. campestris ATCC 13951 provided the highest yield when using a medium based on glucose (13.24 g/L) and glycerol (7.44 g/L). The strains isolated from the environment produced xanthan yields between 2.98 g/L and 12.17 g/L g/L on the glucose-based medium and 1.68 g/L and 6.31 g/L on the glycerol-based medium. Although the yield values on the glycerol-based medium are lower than on the standard glucose-based medium, the obtained results indicate that glycerol is viable as a carbon source in the applied experimental conditions using all tested strains for the production of xanthan. Further research should encompass the optimization of the glycerol-based media, as well as the process parameters, in order to increase yield and quality of the desired product. It should also focus on the use of raw glycerol from biodiesel production as an alternative cheap substrate. Успешност биосинтезе ксантана зависи од неколико фактора међу којима су веома значајни генетски потенцијал производног микроорганизма и састав хранљиве подлоге. Састав подлоге утиче на квалитет и принос жељеног производа, али и на трошкове производње. Због тога се многа истраживања баве испитивањем могућности примене јефтиних и доступних сировина као алтернатива за глукозу и сахарозу, комерцијално најчешће примењиваних извора угљеника. Поред соја Xanthomonas campestris ATCC 13951 који је највише примењиван производни микроорганизам за индустријску производњу, ксантан могу продуковати и други сојеви рода Xanthomonas, при чему различити сојеви под истим условима продукују различиту количину биополимера различитог квалитета. Циљ овог рада јесте упоређивање производних способности фитопатогених сојева X. campestris, изолованих из природног окружења са референтним сојем и упоређивање могућности производње ксантана на подлози са глицеролом као извором угљеника у односу на уобичајено примењивану синтетичку подлогу са глукозом. У оквиру експерименталног дела рада изведена је субмерзна култивација референтног соја Xanthomonas campestris ATCC 13951 и осам изолата на подлогама чије су основа глукоза односно глицерол (2,0 % w/v). Како би се проценила успешност биосинтезе у примењеним експерименталним условима, одређене су реолошке карактеристике добијених култивационих течности, као и приноси ксантана. Изолати из природног окружења продуковали су ксантан у количини од 2.98-12.17 g/L на хранљивој подлози са глукозом, односно од 1.68-6.31 g/L на хранљивој подлози са глицеролом. Међутим, применом референтног соја X. campestris ATCC 13951 остварени су највећи приноси ксантана на обе хранљиве подлоге (13.24 g/L за глукозу и 7.44 g/L за глицерол). Како су сви проучавани сојеви синтетисали ксантан на глицеролу као једином извору угљеника, сирови глицерол може бити предмет истраживања као јефтинији извор угљеника у подлогама за производњу ксантана.
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